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Abstract: INTRODUCTION A reliable and accurate estimate of the percentage and distribution of
adipose tissue in the human body is essential for evaluating the risk of developing chronic and noncom-
municable diseases. A precise and differentiated method, which at the same time is fast, noninvasive, and
straightforward to perform, would, therefore, be desirable. We sought a new approach to this research
area by linking a person’s relative body fat with their body surface’s areal roughness characteristics.
MATERIALS AND METHODS For this feasibility study, we compared areal surface roughness charac-
teristics, assessed from 3D photonic full-body scans of 76 Swiss young men, and compared the results
with body impedance-based estimates of relative body fat. We developed an innovative method for char-
acterizing the areal surface roughness distribution of a person’s entire body, in a similar approach as it
is currently used in geoscience or material science applications. We then performed a statistical analysis
using different linear and stepwise regression models. RESULTS In a stepwise regression analysis of
areal surface roughness frequency tables, a combination of standard deviation, interquartile range, and
mode showed the best association with relative body fat (R2 = 0.55, p < 0.0001). The best results
were achieved by calculating the arithmetic mean height, capable of explaining up to three-quarters of
the variance in relative body fat (R2 = 0.74, p < 0.001). DISCUSSION AND CONCLUSION This
study shows that areal surface roughness characteristics assessed from 3D photonic whole-body scans
associate well with relative body fat, therefore representing a viable new approach to improve current 3D
scanner-based methods for determining body composition and obesity-associated health risks. Further
investigations may validate our method with other data or provide a more detailed understanding of
the relation between the body’s areal surface characteristics and adipose tissue distribution by including
larger and more diverse populations or focusing on particular body segments.
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Abstract
Introduction A reliable and accurate estimate of the percentage and distribution of adipose tissue in the human body is
essential for evaluating the risk of developing chronic and noncommunicable diseases. A precise and differentiated method,
which at the same time is fast, noninvasive, and straightforward to perform, would, therefore, be desirable. We sought a
new approach to this research area by linking a person’s relative body fat with their body surface’s areal roughness
characteristics.
Materials and methods For this feasibility study, we compared areal surface roughness characteristics, assessed from 3D
photonic full-body scans of 76 Swiss young men, and compared the results with body impedance-based estimates of relative
body fat. We developed an innovative method for characterizing the areal surface roughness distribution of a person’s entire
body, in a similar approach as it is currently used in geoscience or material science applications. We then performed a
statistical analysis using different linear and stepwise regression models.
Results In a stepwise regression analysis of areal surface roughness frequency tables, a combination of standard deviation,
interquartile range, and mode showed the best association with relative body fat (R2= 0.55, p < 0.0001). The best results
were achieved by calculating the arithmetic mean height, capable of explaining up to three-quarters of the variance in relative
body fat (R2= 0.74, p < 0.001).
Discussion and conclusion This study shows that areal surface roughness characteristics assessed from 3D photonic whole-
body scans associate well with relative body fat, therefore representing a viable new approach to improve current 3D scanner-
based methods for determining body composition and obesity-associated health risks. Further investigations may validate our
method with other data or provide a more detailed understanding of the relation between the body’s areal surface characteristics
and adipose tissue distribution by including larger and more diverse populations or focusing on particular body segments.
Introduction
The use of 3D photonic body scans (BS) to assess body
shape in epidemiologic studies and for daily fitness tracking
is on the rise, thanks to developments in equipment and
measurement methods that provide fast, reproducible, and
increasingly accurate results [1–7]. However, an essential
limitation of many currently available approaches is the lack
of a precise approximation of adipose tissue distribution,
particularly in more obese individuals, despite its relevance
for assessing the risk for metabolic and cardiovascular
diseases [8–10]. Most established methods for assessing
relative body fat (%BF) or body fat distribution in the
clinical routine are suboptimal proxies for %BF or total
body fat [11, 12]. Dual-energy X-ray absorptiometry (DXA)
is the gold standard for assessing body composition and
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provides data on both volumetry and distribution of adipose
tissue. Due to costs, duration, and ionizing radiation, it is
not suited for the general clinical routine [13]. Several
recent studies aimed to bridge this gap between volume,
surface, and distribution of adipose tissue [14, 15], e.g.,
using multimodality registration of DXA data with 3D body
surface scans [16], however, published data only included
six individuals.
In order to reach a broad target population, measurement
methods are needed, which provide a precise and differ-
entiated assessment of %BF and, at the same time, remain
straightforward for an application in daily clinical practice.
Since this goal is still challenging to achieve, we sought a new
approach to this research area by linking a person’s %BF with
the roughness of the body surface. We recognize that the
influence of the prognostically relevant visceral body fat on
body surface characteristics may be somewhat limited. In
contrast, the amount and distribution of subcutaneous adipose
tissue, located between the musculoskeletal system and the
skin, are likely to significantly influence body surface mor-
phology and, thus, have a measurable impact on the areal
surface roughness characteristics.
To test our approach as a possible starting point for a
more accurate assessment of %BF, particularly sub-
cutaneous adipose tissue, we evaluated the roughness of
76 test subjects’ body surfaces and compared the results
with BIA estimates of their %BF.
Material and methods
3D models used for our study were taken from a prior study
in which the correlation of height and WC measured by BS
and manual anthropometric measurements in young Swiss
men was investigated [6, 17]. This prior study included a
cross-sectional part and a re-examination 4 months later.
The study was approved by the Cantonal Ethics Board of
Zurich (No. 2016–01625), and all participants were
required to sign a detailed form to ensure informed consent
to later scientific evaluation of their data. Participation was
voluntary, without further selection criteria such as origin,
demographic factors, or socioeconomic status [6]. A semi-
mobile 3D photonic full-body scanner (Anthroscan
VITUSbodyscan, Human Solution, Kaiserslautern, Ger-
many) was used for body surface data acquisition, providing
spatial resolution of <1 mm, with a point density of 300 data
points per cm3. Comparative %BF (relative body fat) esti-
mates were assessed by BIA (Seca mBCA 515, Reinach,
Switzerland). In the present study (Armed Forces basic
training), it was not feasible to perform more extensive or
time-consuming examinations than BIA. However, the
technique and, more specifically, the Seca mBCA 515
device have been validated in various studies and have been
widely used for benchmarking body composition mea-
surements derived from photonic 3D BS [18, 19]. In a
recent validation study, this device has shown high relia-
bility in estimating total body fat [20]. WC was measured
with a tension-stable hand-held tape measure with auto-
matic retraction (Seca 201, Seca AG, Reinach, Switzer-
land). Height and weight were measured with a standard
stadiometer (Seca 274, Seca AG, Reinach, Switzerland).
Further details of the measuring protocol are given in prior
studies [6, 17, 21]. Raw scan datasets—in a proprietary
point cloud format—were later triangulated and closed
using the standard scanner software (Anthroscan, Version
3.5.3, Human Solutions, Kaiserslautern, Germany) and
exported to the .obj file format.
For our study, we used data from the cross-sectional part,
for which 104 young male Swiss Armed Forces recruits
were examined on the same day, using the same measuring
protocol and equipment. We imported available 3D models
of 104 study subjects into a 3D modeling software (Rhi-
noceros 3D 6.19, Robert McNeel & Associates, Seattle,
WA, USA) to calculate total point count, volume, and
surface area of each model. To analyze the surfaces of the
3D BS, in a similar approach as currently used for
geoscience, material science, and further surface metrology-
related applications [22], we used a multiplatform, open-
source solution for point cloud analysis and editing
(CloudCompare 2.9.1, Électricité de France SA, Paris,
France). CloudCompare features a tool for areal surface
roughness evaluation to analyze particular geometric char-
acteristics of point clouds [23]. Unfortunately, 3D models
generated for the original study had been exported and
stored using two different resolution settings, and 28 out of
104 3D models had to be excluded from further analyses
due to inconsistent resolution. The 76 included high-
resolution 3D models contained a total of 425,691–594,259
points with a mean point count of 491,104 (±33,138). For
each point of a point cloud, CloudCompare can calculate an
areal roughness value according to the following steps:
(1) A sphere with a user-defined radius is fitted around
the point.
(2) A best-fitting plane through all the points included in
this sphere is determined.
(3) The distance between the point (center of the sphere)
and the best-fitting plane is calculated (areal rough-
ness value).
From these values CloudCompare then creates an areal
roughness histogram containing 256 classes, Class 1 being
smooth (smallest distances) and Class 256 being rough
(largest distances). We excluded Class 1 from statistical
evaluations since it typically represented artificial flat sur-
faces of the 3D model, such as the foot sole. Also, since the
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absolute number of points contained in the point cloud
models of our participants varied, absolute histogram values
(number of points), calculated by CloudCompare, had to be
divided by the total number of points contained within a
particular point cloud, to obtain relative frequency tables
and to be able to compare different 3D models statistically.
After a visual assessment (Fig. 1), we defined three dif-
ferent radii (R1= 1 cm, R2= 2 cm, R5= 5 cm) and calcu-
lated three different areal surface roughness frequency
tables for each of the 76 study subjects included in our
study. Radii higher than 5 cm were not deemed appropriate
since this way entire body parts were included in the cal-
culation of best-fitting planes, rather than an area of the
body’s surface. Also, some participants held their hands
quite close to the trunk, resulting in the trunk and the upper
extremities being mixed for the calculation of best-fitting
planes when the radius exceeded 5 cm. Radii smaller than
1 cm revealed noise artifacts beyond the effective resolution
of the scanner.
Statistical methods
Descriptive statistics (mean, standard deviation (SD),
minimum, maximum) of the basic parameters (age, height,
weight, body mass index, etc.) were calculated for all
included study subjects.
Fig. 1 Roughness analyses mapped to three representative 3D
surface models, with corresponding roughness frequency tables.
Roughness analysis at radius= 2 cm (R2) mapped onto the 3D surface
models of a slim (BMI= 19.5; relative body fat = 2.5%), a muscular
(BMI= 21.0; relative body fat= 4.3%), and an obese (BMI = 30.1;
relative body fat = 34.4%) study participant, illustrating the range of
body shapes in our study sample, and corresponding roughness fre-
quency tables with the mode and interquartile range (IQR) plotted as
measures of central tendency and statistical dispersion, respectively.
Standard deviation (SD) and arithmetic mean height (Sa), a quantita-
tive roughness parameter (as defined by ISO 25178), are also given.
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For further statistical analysis, the software R was used
(R, 2.6.3, the R Foundation, https://www.r-project.org). In a
first analysis step, we verified our initial assumption that the
distribution of areal surface roughness levels across the 256
classes in the frequency tables is associated with %BF.
For this, we computed different linear regression models
(M1–M6) by the measures of statistical dispersion—SD and
interquartile range (IQR)—for all three radius values (R1,
R2, R5). After a visual assessment, we also assumed an
association between the mode, defined as the class with the
highest peak, and %BF. Therefore, further linear regression
models, including the mode (M7–M9), were computed.
Linear regressions have proved suitable for initial evalua-
tions of associations between 3D photonic body scan
measurements and body composition (with relatively small
added value for nonlinear methods) [6, 17, 21].
In a second analysis step, to find the best association with
%BF, we then combined SD, IQR, and mode in stepwise
regression models for each radius (M10–M12). To inves-
tigate the importance of each explanatory variable (SD,
IQR, mode) for %BF, we separately excluded each expla-
natory variable from the model and calculated the Akaike’s
information criterion (AIC). Next, we calculated the dif-
ference between the AIC when excluding an explanatory
variable and the AIC of the complete model. Therefore, the
significance of the explanatory variable in the model cor-
responds to the differences of the respective AICs.
In a third and more explorative analysis step, to find an
association between the overall roughness of each partici-
pant and %BF, we also calculated the arithmetic mean
height (Sa), a quantitative roughness parameter (in mm), as
defined by ISO 25178, frequently used in surface metrol-
ogy. Sa is the extension of the concept of the arithmetic
mean height of a line (Ra) to a surface. It expresses the
average distance of any point of a surface to an arithmetic
mean of that surface. For our application, we determined Sa
by dividing the sum of all roughness values, as calculated
for each point, by the total number of points in the 3D
model. Therefore, Sa allows the comparison between par-
ticipants, despite the point clouds containing different
numbers of points, with normalization being part of the
measure. Finally, linear regression models for the associa-
tion between Sa and %BF (M13–M15) were also computed.
Results
Descriptive statistics about the young men (N= 76) inclu-
ded in our study are displayed in Table 1. The participants
were by average 20.5 years old (SD ± 1.1 years), 178.1 cm
tall (±6.9 cm), and weighted 74.3 kg (±12.9 kg). Their mean
BMI was 23.4 kg/m2 (±3.5 kg/m2), with 28% having excess
weight (BMI ≥ 25 kg/m2), and 14% of those being obese
(BMI ≥ 30 kg/m2) according to the WHO obesity classifi-
cation (http://www.euro.who.int/en/health-topics/disease-
prevention/nutrition/a-healthy-lifestyle/body-mass-index-
bmi). According to BIA estimates, average relative fat mass
(%BF) was 14.6% (±7.7%), and absolute fat mass was
11.7 kg (±8.0 kg). Linear regressions showed that BMI was
able to explain a high share of the variability in %BF (R2=
0.81, p < 0.001), the same applied for WC (R2= 0.77,
p < 0.001).
Before discussing the results of our analysis, we exem-
plified in Fig. 1 the range of body shapes in our study
sample with a roughness analysis at radius= 2 cm (R2)
mapped onto the 3D surface models of a slim (BMI= 19.5;
relative body fat= 2.5%), a muscular (BMI= 21.0; relative
body fat= 4.3%), and an obese (BMI= 30.1; relative body
fat= 34.4%) study participant and added the corresponding
roughness frequency tables. All frequency table distribu-
tions were right skewed. A visual evaluation also revealed
that in the most obese study subject, the absolute value of
the Peak Class (mode) was higher than the peaks of the
slimmest or the most muscular study subjects. Additionally,
the location of the mode in the most obese participant was
in a lower class (Class 10, using R2, radius= 2 cm) com-
pared to the peaks of the slimmest participant (Class 16) or
the most muscular participant (Class 12), i.e., most surface
points of the obese participants were located within
smoother surface areas.
In our first analysis step, we assessed the areal surface
roughness frequency tables by linear regressions, using the
basic measures of statistical dispersion SD, IQR, and mode
for the estimation of %BF. Among all basic models,
M1–M9 (details are given in Table 2), M5 (R2, IQR)
showed the best explanatory variance (R2= 0.55, p <
0.0001). All associations were negative (as expected). In
our second analysis step, M12 (R5, IQR, mode) showed the
best association with %BF among the stepwise regression
Table 1 Descriptive statistics about the young men (N= 76) included
in our study.
Mean Min Max SD
Age (years) 20.5 18.8 24.4 1.1
Height (cm) 178.1 164.0 194.0 6.9
Weight (kg) 74.3 47.5 114.4 12.9
Body mass index (kg/m2) 23.4 17.4 34.7 3.5
Waist circumference (cm) 81.0 65.0 107.0 9.1
Relative fat mass (%) 14.6 0.1 34.4 7.7
Absolute fat mass (kg) 11.7 0.1 39.1 8.0
Skeletal muscle mass (kg) 30.7 21.3 39.2 3.7
Surface area (m2) 1.85 1.44 2.27 0.17
Volume (m3) 0.07 0.05 0.12 0.01
Point cloud (n) 491,104 425,691 594,259 33,138
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models M10–M12 presented in Table 2. This model
M12 showed a higher proportion of explained variation for
%BF (R2= 0.69, p < 0.0001) than the models with single
parameters (M1–M9). The strongest contributions were
coming from mode (AIC= 29.11), followed by IQR
(AIC= 45.90). In our more explorative third analysis step
(models M13–M15 in Table 2), arithmetic mean height (Sa)
showed the overall best association with %BF. Model M14
(R2) showed the best association with %BF (R2= 0.74,
p < 0.001). All reported R2 are adjusted R2.
Surfaces of study subjects with higher %BF showed
more points lying in surface areas of lower roughness. SD
and IQR were lower, consistent with a higher %BF
(Fig. 2). Slimmer or more muscular study subjects’ body
surfaces featured more accentuated details, represented
by a broader distribution in the areal surface roughness
frequency tables. In the linear and stepwise regression
models, the explanatory variance was slightly lower
compared to models using BMI, WC, or Sa (arithmetic
mean height) (Table 2). The analysis of the areal surface
roughness frequency tables, assessed by SD, IQR, and
mode, as well as calculated Sa (arithmetic mean height),
showed negative associations of all parameters with %BF.
Overall, roughness distribution analyses, using radii greater
than 1 cm, showed better associations with %BF. Best
associations were achieved using a radius of 2 cm (R2) and
second-best using 5 cm (R5).
Discussion
Our feasibility study aimed at providing a proof of concept
that areal body surface roughness characteristics may be
used as a proxy for %BF. To the best of our knowledge, it
is the first study analyzing the association between the
areal roughness of the body’s surface and body composi-
tion. While the individual parameters of statistical dis-
persion (SD, IQR, and mode) in the calculated frequency
tables only showed moderate associations with %BF, a
stepwise regression analysis, considering multiple para-
meters, showed stronger associations. The best association
(quantified by R2) with %BF was observed for Sa (R2=
0.74), the arithmetic mean of roughness, which compared
to other association studies of individual scanner-based
measurements (e.g., circumferences, lengths, volumes)
with aspects of body composition, and using comparable
samples [17], represents a medium to strong association.
However, somewhat stronger associations have been
demonstrated when several scanner measurements were
combined using different statistical methods [21].
Fig. 2 Scatter plots comparing BIA body fat measurements and
statistical parameters of the frequency tables. Scatter plots with
fitted linear regression lines, providing a visual comparison of BIA
body fat measurements and areal surface roughness frequency tables
computed using radii of 1, 2, and 5 cm based on standard deviation
(SD), interquartile range (IQR) (Models M1–M6), location of the
mode (Models M7–M9), and Sa (Models M13–M15).
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The main limitation of the present study is that it is a
technical proof of concept and not a detailed validation
study requiring further external data. A detailed validation
of the proposed method is indeed the next logical step for
the future. Further, only young Swiss men aged 18–24 years
were included in the study; however, the distribution of
adipose tissue varies according to sex and age. Second,
while the association with %BF was quite successful, the
distinction between muscular and thin study subjects
remained imprecise, as it is also the case for the BMI. Also,
for our study, participants wore bathing caps and underpants
during scanning, which created wrinkles and may have
influenced the areal surface roughness distribution. We
considered BIA a sufficiently accurate estimate of %BF for
initial association tests in a feasibility study. However,
additional and more differentiated data from more precise
techniques (e.g., full-body MRI) may be required to fully
understand the relationship between specific body surface
parameters and underlying tissue composition.
In future investigations, we plan to focus on longitudinal
intraindividual observations. In follow-up measurements,
we shall, therefore, check whether changes in overall areal
surface roughness coincide with changes in %BF.
Depending on individual parameters, such as age, sex, or
physical activity level, shifts in body compositions may
follow distinct distribution patterns identifiable by areal
surface roughness measurements.
Conclusion
This study shows that 3D body surface roughness char-
acteristics associate well with body composition and
represent a viable new approach to improve today’s 3D
scanner-based methods to assess body composition and
obesity-associated health risks. Although the explanatory
variance of some parameters evaluated in our approach was
slightly lower than in comparable trials, this first evidence is
an auspicious starting point for future studies. The arith-
metic mean height reached medium to strong levels of
explanatory variance for relative body fat compared to the
BMI or WC. Further investigations may provide a more
detailed understanding of the association between areal
surface roughness characteristics and well-established
approaches, such as BIA body fat estimation, by includ-
ing larger and more diverse study cohorts or by focusing on
particular body segments.
Data availability
The data that support the findings of this study are available
from the corresponding author, PE, upon reasonable
request.
Acknowledgements This article was part of the medical Master thesis
project of SR. The authors thank Andreas Stettbacher (Surgeon Gen-
eral of the Swiss Armed Forces), Franz Frey, Alexander Faas, Martino
Ghilardi, Marco Müller, and Yvanka Jerkovic from the Swiss Armed
Forces for their tremendous (logistic) support. We thank IEM director
Frank Rühli for financial and institutional support, as well as the IEM
collaborators Nicole Bender, Nikola Koepke, Joël Floris, Lena Öhr-
ström, Gulfride Akgül, Anne Lehner, Lafi Aldakak, Michael Strässle,
Claudia Beckmann, and Nakita Frater for helping to collect the data.
Last but not least, we thank Katarina Matthes for providing substantial
parts of the statistical analysis.
Funding This work was supported by the Mäxi Foundation, Zurich
(personal grant to Frank Rühli). Open Access funding provided by
Universität Zürich.
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
References
1. Wells JCK. Three-dimensional optical scanning for clinical body
shape assessment comes of age. Am J Clin Nutr. 2019;110:1272–4.
2. Pleuss JD, Talty K, Morse S, Kuiper P, Scioletti M, Heymsfield
SB, et al. A machine learning approach relating 3D body scans to
body composition in humans. Eur J Clin Nutr. 2019;73:200–8.
3. Navarro P, Ramallo V, Cintas C, Ruderman A, de Azevedo S,
Paschetta C, et al. Body shape: implications in the study of obesity
and related traits. Am J Hum Biol. 2020:32:e23323.
4. Lu Y, Zhao S, Younes N, Hahn JK. Accurate nonrigid 3D human
body surface reconstruction using commodity depth sensors.
Comput Animat Virtual Worlds. 2018;29:e1807.
5. Ng BK, Sommer MJ, Wong MC, Pagano I, Nie Y, Fan B, et al.
Detailed 3-dimensional body shape features predict body com-
position, blood metabolites, and functional strength: the Shape
Up! studies. Am J Clin Nutr. 2019;110:1316–26.
6. Beckmann C, Aldakak L, Eppenberger P, Rühli F, Staub K,
Bender N. Body height and waist circumference of young Swiss
men as assessed by 3D laser-based photonic scans and by manual
anthropometric measurements. PeerJ. 2019;7:e8095.
7. Kuehnapfel A, Ahnert P, Loeffler M, Broda A, Scholz M.
Reliability of 3D laser-based anthropometry and comparison with
classical anthropometry. Sci Rep. 2016;6:26672.
Associations between relative body fat and areal body surface roughness characteristics in 3D photonic. . .
8. Pischon T, Boeing H, Hoffmann K, Bergmann M, Schulze MB,
Overvad K, et al. General and abdominal adiposity and risk of
death in Europe. N Engl J Med. 2008;359:2105–20.
9. Mulligan AA, Lentjes MAH, Luben RN, Wareham NJ, Khaw KT.
Changes in waist circumference and risk of all-cause and CVD
mortality: results from the European Prospective Investigation into
Cancer in Norfolk (EPIC-Norfolk) cohort study. BMC Cardiovasc
Disord. 2019;19:238.
10. Ponti F, Plazzi A, Guglielmi G, Marchesini G, Bazzocchi A. Body
composition, dual-energy X-ray absorptiometry and obesity: the
paradigm of fat (re)distribution. BJR Case Rep. 2019;5:20170078.
11. Chen Y, Liang X, Zheng S, Wang Y, Lu W. Association of body
fat mass and fat distribution with the incidence of hypertension in
a population-based Chinese cohort: a 22-year follow-up. J Am
Heart Assoc. 2018;7:e007153.
12. Harbin MM, Kasak A, Ostrem JD, Dengel DR. Validation of a
three-dimensional body scanner for body composition measures.
Eur J Clin Nutr. 2018;72:1191–4.
13. Ng BK, Hinton BJ, Fan B, Kanaya AM, Shepherd JA. Clinical
anthropometrics and body composition from 3D whole-body
surface scans. Eur J Clin Nutr. 2016;70:1265–70.
14. Lu Y, Hahn JK, Zhang X. 3D shape-based body composition
inference model using a Bayesian network. IEEE J Biomed Health
Inform. 2020;24:205–13.
15. Lee JJ, Freeland-Graves JH, Pepper MR, Stanforth PR, Xu B.
Prediction of android and gynoid body adiposity via a three-
dimensional stereovision body imaging system and dual-energy x-
ray absorptiometry. J Am Coll Nutr. 2015;34:367–77.
16. Lu Y, Hahn JK. Shape-based three-dimensional body composition
extrapolation using multimodality registration. Proc SPIE Int Soc
Opt Eng. 2019;10949:109491U.
17. Cavegn C, Rühli F, Bender N, Staub K. Prediction of muscle mass in
arms and legs based on 3D laser-based photonic body scans’ stan-
dard dimensions in a homogenous sample of young men. Comput
Methods Biomech Biomed Eng Imaging Vis. 2020;8:562–70.
18. Bosy-Westphal A, Jensen B, Braun W, Pourhassan M, Gallagher
D, Muller MJ. Quantification of whole-body and segmental skeletal
muscle mass using phase-sensitive 8-electrode medical bioelectrical
impedance devices. Eur J Clin Nutr. 2017;71:1061–7.
19. Anderson LJ, Erceg DN, Schroeder ET. Utility of multifrequency
bioelectrical impedance compared with dual-energy x-ray absorp-
tiometry for assessment of total and regional body composition
varies between men and women. Nutr Res. 2012;32:479–85.
20. Day K, Kwok A, Evans A, Mata F, Verdejo-Garcia A, Hart K, et al.
Comparison of a bioelectrical impedance device against the reference
method dual energy x-ray absorptiometry and anthropometry for the
evaluation of body composition in adults. Nutrients. 2018;10:1469.
21. Sager R, Gusewell S, Ruhli F, Bender N, Staub K. Multiple measures
derived from 3D photonic body scans improve predictions of fat and
muscle mass in young Swiss men. PLoS ONE. 2020;15:e0234552.
22. Jiang X, Scott PJ, Whitehouse DJ, Blunt L. Paradigm shifts in
surface metrology. Part II. The current shift. Proc Roy Soc A Math
Phy. 2007;463:2071–99.
23. Chien CH, Aggarwal JK. Volume/surface octrees for the repre-
sentation of 3D objects. Comput Vis Graph Image Process.
1986;36:100–13.
S. Ritter et al.
